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INVENTORS : RICHARD B. VAN BREEMEN AND JUDY L. BOLTON 
This invention relates to a high throughput, 
on-line, pulsed ultrafiltration method useful for drug 
development and screening for metabolic parameters, 
bioactivation and potential toxicity of compounds and 
molecules. Enzyme assays and bioavailability studies are 
aspects of the invention. 

BACKGROUND OF THE INVENTION 

Combinatorial chemistry, a new approach to the 
identification and optimization of drug leads in 
medicinal chemistry, has been enormously successful in 
synthesizing large number of compounds for 
pharmacological screening and testing (Gordon et al . , 
19%; Thompson and Ellman, 1996) . In response to the 
large number of new compounds produced, high throughput 
screening methods are being developed to rapidly identify 
lead compounds in combinatorial libraries that interact 
with specific receptors, or show desirable 
pharmacological effects in bioassays (Loo, 1997). As the 
number of lead compounds being identified through 
combinatorial methods increases substantially, 
preclinical investigations such as the investigation of 
drug metabolism and toxicity become the new bottleneck to 
the process of bringing new drugs to market. 

Traditionally, live animals or perfused liver 
or gut preparations have been used during the preclinical 
investigation of metabolism and toxicity of drugs and 
other xenobiotic compounds. In an effort to reduce 
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costs, to reduce the number of animals used, and to gain 
insights into toxicological pathways, in vitro assays 
have been developed to study drug metabolism using 
hepatic microsomes, reconstituted purified isozymes, 
primary culture hepatocytes, tissue slices, and 
cytochrome P450 overexpressed in whole cells (Parkinson, 
1996; Maurel, 1996). However, these in vitro assays lack 
sufficient throughput to keep pace with the large number 
of lead compounds being identified through combinatorial 
chemistry drug discovery programs. The fastest current 
method to assess drug metabolism utilizes hepatic 
microsomes, which are incubated in a test tube with a 
drug and the cof actor NADPH . After at least 10 minutes, 
the solution is extracted (5-30 min) , the extract may be 
concentrated (0-60 min), then the extract is analyzed 
using HPLC, GC, LC-MS or GC-MS (10-60 min). Therefore, 
the fastest current method requires from 35-170 min, 
depending upon the sample handling and analysis 
procedures. There is a need to streamline (reduce the 
number of separate steps, reduce the sample handling 
requirements, and integrate the process into a faster, 
simpler and automated assay) and increase the throughput 
of existing in vitro metabolism assays. In addition, no 
method exists to readily measure the intrinsic 
bioavailability of a compound, in particular on a large 
scale, high throughput basis. Pulsed ultrafiltration 
mass spectrometry was applied to metabolic screening of 
xenobiotic compounds by the inventors (Van Breemen et al . 
1998) . 
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SUMMARY OF THE INVENTION 

The present invention provides a method of 
determining whether a compound has predetermined 
characteristics that make it a candidate for drug 

5 development or a substrate for a particular enzyme. The 
method is a novel, high- throughput , on-line analysis of 
compounds added to a continuous flow system through 
biological materials in solution-that interact with the 
compounds. "High -throughput- is defined herein to be of 

10 the order of 1 metabolite (compound) processed per 
minute . 

Results of the biological interactions are 
separated for analysis by an ultrafiltration membrane. 
This method is useful for characterization of, e.g. 
15 enzyme reactions and the determination of the 
bioavailability of xenobiotic' compounds. 1 

The method of the present invention for 
determining whether a compound from a sample has 
predetermined characteristics includes placing a 
20 biological material in a first solution or suspension,- 
maintaining a continuous flow of a supportive solution 
through the first solution or suspension; adding the 
sample to the continuous flow of the supportive solution; 
providing suitable conditions for the interaction of the 
25 biological material in the first solution or suspension 
with the compound in the sample; washing the results of 
the interaction between the biological material in the 
first solution or suspension and the compound in the 
sample through an ultrafiltration membrane to form a 



^•Xenobiotic" is defined herein as compositions 
foreign to a living organism. 
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second solution; and analyzing the second solution to 
determine whether the compound in the sample had the 
predetermined characteristics . 

The biological sample includes a protein, a 
5 peptide, an oligonucleotide, an oligosaccharide, a 

microsome, a cell, a tissue, an enzyme, a receptor, DNA 
and RNA. 

The compound is generally a candidate for drug 
development produced by combinatorial chemistry or a 
10 natural product . 

The supportive solution includes a buffer, a 
nutrient medium, or a combination thereof. The 
supportive solution is capable of maintaining the 
biological material in a state wherein the biological 
15 material can interact with a compound in the sample. 

The continuous flow facilitates the interaction 
of the compound (s) with the biological material and then 
facilitates the removal of the compounds and metabolites 
thereof by washing them through the ultrafiltration 
20 membrane and into the second solution for analysis. 

The predetermined characteristics of a compound 
to be analyzed include functioning as substrate for an 
enzyme in the biological material, showing desirable 
rates of enzyme catalysis, showing desirable rates of 
25 cell membrane permeability or transport, or showing 
activation to reactive or toxic metabolites. 

The sample is added to the continuous flow by 
means of injection or infusion. 

The suitable conditions for interaction of the 
30 biological material in the first solution with the 

compound in the sample include mixing the sample with the 
biological material to achieve a homogeneous 
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distribution, controlling temperature to maintain 
function of the biological material, providing adequate 
sample concentration and a sufficient amount of 
biological material to facilitate analysis, allowing 
5 sufficient time for interaction, and controlling 

atmospheric gases to maintain function of biological 
material . 

The ultrafiltration membrane pore sizes allow 
the sample to pass through but not the biological 
10 material. 

The analyzing of the second solution is 
generally by mass spectrometry, UV spectrophotometer, 
electrochemistry, IR. radioactivity, fluorescence 
spectrophotometry or NMR. 

15 A kit for analyzing compounds in a sample 

includes, in separate containers, an ultrafiltration 
membrane, a first solution containing a biological 
material, a buffer, a test solution, a set of standard 
solutions with predetermined characteristics and a 

20 receptacle for the second solution that results from 
interactions of the compounds with the biological 
material. 

The high throughput, on-line, ultraf iltration- 
mass spectrometry method is useful to generate, 

25 identify, and quantify metabolites of compounds formed by 
drug metabolizing enzymes such as cytochrome P450, UDP- 
glucurony transferases, and glutathione transferases. 
This method, designated pulsed ultraf iltration-mass 
spectrometry, may be used for rapid screening of drugs or 

30 other compounds to determine the extent of their 

metabolism and to characterize their primary metabolites. 
If reactive and potentially toxic metabolites are formed 
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during reactions, e.g. cytochrome P450 oxidation, the 
metabolites can be reacted with glutathione and then 
detected on-line using mass spectrometry in a rapid assay 
to assess the potential for toxicity. In addition, the 
5 method is useful for the determination of the inherent 
bioavailability of xenobiotic compounds. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a diagrammatic representation of 
10 pulsed ultrafiltration-mass spectrometric on-line 

screening for metabolism and toxicity or bioavailability 

of a compound. 

FIG. IB is a diagrammatic representation of a 

stirred pulsed ultrafiltration chamber. 
15 PI g. 2 is a diagrammatic representation of a 

high throughput pulsed ultrafiltration-mass spectrometry 
system to screen xenobiotic compounds for products of 

drug metabolism. 

FIG. 3 shows results of an on-line pulsed 
20 ultrafiltration positive ion electrospray mass 

spectrometric analysis of chlorpromazine oxidation by rat 
liver microsomal cytochromes P450. Chlorpromazine (3 nq, 
molecular structure shown) was injected into an 
ultrafiltration chamber containing uninduced rat liver 
25 microsomes. NADPH was added to the continuous flow. 

FIG. 4 shows results of pulsed ultrafiltration 
mass spectrometric analysis of the O-dealkylation of 
pentoxyresorufin (molecular structure shown) by uninduced 
rat liver microsomes. The deprotonated molecules of 
30 pentoxyresorufin and the metabolite resorufin (modular 
structure shown), were monitored on-line using negative 



10 
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ion electrospray. The control experiment was identical 
except that no NADPH was present. 

FIG. 5 shows results of high throughput pulsed 
ultrafiltration mass spectrometric screening obtained 
using the format described in FIG. 2. 

A. Mass spectrometric analysis performed 
for 2 minutes, of effluent from the parallel control 
incubation (containing NADPH and inactive microsomes) 
showed no metabolites of imipramine. 

B. The ultrafiltration chamber contained 
rat liver microsomes; imipramine and NADPH were 
coinjected through the chamber,- and on-line mass 
spectrometric detection was used for only 2 minutes. 
Metabolism of imipramine by rat liver microsomes was 

15 demonstrated by the appearance of protonated 

monoxygenated imipramine at m/z 297 (mass spectrometer 
detector response for a protonated molecule weighing 297 

mass units) . 

FIG. 6 shows computer -reconstructed mass 

20 chromatograms of the positive ion electrospray reversed 
phase LC-MS (liquid chromatography-mass spectrometry) 
analyses of the major imipramine metabolites, which were 
formed by 1) incubation of imipramine with rat liver 
cytochromes P450 during pulsed ultrafiltration, 2) 

25 collection of the effluent containing the metabolites, 
and 3) reinject ion onto the LC-MS . Tandem mass spectra 
of each of the isomeric peaks of m/z 297 are summarized 
in Table 1. 

FIG. 7 shows results of screening for formation 
30 of glutathione adducts as indicators of toxic 

(electrophilic) metabolites using pulsed ultrafiltration- 
's spectrometry. In this example, the chamber was 
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loaded with rat liver microsomes (1 mg/mL protein) 
containing cytochromes P450 and microsomal glutathione S- 
• transferase. The substrate, butyldimethyl phenol was 
injected along With NADPH and glutathione as cof actors. 
5 The formation of metabolites was monitored by usmg 

negative ion electrospray mass spectrometry. (A type of 
raaS s spectrometry compatible with samples in solution; 
electrospray serves as the interface between the solution 
phase sample and gas phase sample ion, which is measured 
10 by the mass spectrometer.) Oxidation of butyldimethyl 
phenol by cytochromes P450 produced a reactive quinone 
me thide intermediate which either reacted with water to 
form the oxidation product detected at m/z 193, or 
reacted with glutathione to form the adduct detected at 
15 m/z 482. As expected, glutathione adducts were observed 
only in experiments containing both glutathione and 
NADPH. 

PIG 8 illustrates constant neutral loss LC-MS- 
MS analysis of the glutathione adducts of 3-methylindole 
20 formed during pulsed ultrafiltration toxicity screening, 
in addition to the three isomeric glutathione ducts 
detected at m/z 437 (A) , an additional product was 
observed at m/z 453 indicating monooxygenation as well as 
conjugation with glutathione (B) - 
25 FIG . 9 illustrates constant neutral loss tandem 

.nass spectrum obtained in 1 min using on-line pulsed 
ultrafiltration-MS-MS showing the detection of a 
butyldimethyl phenol -glutathione adduct; in this high 
throughput analysis, glutathione adducts are selectively 
30 detected by the elimination of the gamma -glutamyl group 
weighing 129 Daltons; background ions corresponding to 
unreacted butyldimethyl phenol, NADPH, buffer and 
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contaminants are eliminated by the quadrupole mass 
filters during this MS-MS analysis because they do not 
fragment to eliminate the characteristic glutathione 
group weighing 129 Daltons. 
5 FIG. 10 shows elution profiles for propranolol 

and aspirin during a pulsed ultrafiltration assay to 
determine their relative permeability to intestinal 
epithelial Caco-2 cells. The permeability of intestinal 
epithelial cells is a fundamental factor that determines 
10 the absorption of compounds from the gut and affects 
their bioavailability; data in the shaded area of the 
elution curve were used to calculate the relative elution 

rates shown in FIG. 11- 

FIG. 11 shows elution rates of propranolol and 
15 aspirin from the ultrafiltration chamber containing Caco- 
2 cells; the data used to generate this plot were 
obtained from the shaded area of the elution curves shown 
in FIG. 10. 

20 DETAILED DESCRIPTION OF THE INVENTION 

A high throughput, on-line, pulsed 
ultrafiltration-mass spectrometry method has been 
developed to determine whether a compound has 
predetermined characteristics that would make it suitable 
for a specific purpose, e.g. drug development. The 
method is used to generate, identify, and quantify 
metabolites of compounds formed by drug metabolizing 
enzymes such as cytochrome P450, UDP- 
glucuronyltransf erases, and glutathione transferases. 
30 The method is useful for rapid screening of drugs or 
other compounds to determine the extent of their 
me tabolism and to characterize their primary metabolites. 



25 
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If reactive and potentially toxic metabolites are formed 
during, e.g. cytochrome P450 oxidation, the metabolites 
can be reacted with glutathione and then detected on-line 
using mass spectrometry in a rapid assay to assess the 
5 potential for toxicity. In addition, rates of cellular 
uptake, absorption and permeability may be measured using 
pulsed ultrafiltration as a measure of bioavailability. 

Biological, material such as enzymes responsible 
for metabolism of drugs and other xenobiotic compounds is 
10 in a first solution in a first chamber (an 

"uttrafiltration chamber") that permits low molecular 
weight compounds such as drugs and their metabolites to 
pass through a membrane to a second chamber, but does not 
allow the higher molecular weight enzymes to pass 
15 through. The biological material includes enzymes which 
may consist of single, purified enzymes or mixtures of 
enzymes. Alternatively, the enzymes may be contained in 
microsomal preparations such as liver microsomes, tissue 
homogenates or intact, living cells such as hepatocytes. 
20 The enzymes may include soluble enzymes such as proteases 
or glutathione transferases, microsomal enzymes such as 
cytochromes P450 or UDP-glucuronyl transferases, or 
enzymes contained in intact cells. Instead of enzymes, 
the first chamber may contain intact cells or membrane 
25 preparations for the study of drug uptake, transport, 
absorption and bioavailability. The pore size of the 
membrane can, however, be closer to retain molecules of 
whatever molecular weight that is suitable for a 
particular application. A continuous flow of supportive 
30 solution such as a buffer and/or nutrient media passes 
through the first chamber. A sample with a compound (or 
molecule (s) or a mixture of compounds) to be tested is 
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joined with the continuous stream of a supportive 
solution, as a pulse. Preferably the sample to be tested 
is injected into the stream to interact with the 
biological material in the first solution. 

The results of the interaction subsequently 
flow through an ultrafiltration membrane to the analyzer. 
The pore sizes of the membrane are selected based on the 
size of the predetermined resulting compounds or 
molecules and biological material. Pore sizes may range 
from those allowing only very low molecular weight 
products to pass through, e.g. acetone or benzene (50- 
100D) to larger molecules in the 12 , 000-20 , 000D range 
e.g. enzymes, myoglobin, to very large molecules 
(100,000-million D) . The pore size must be small enough 
to prevent the biological material from passing through, 
e.g. a 10,000 molecular weight cut-off pore size prevents 
adenosine deaminase from passing through and a 100,000 
molecular weight cut-off membrane prevents microsomes 
from passing through. A preferred analyzer is a mass 
spectrometer. Other suitable analyzers are UV- 
spectrophotometers, fluorescence spectrophotometers, 
electrochemical detectors, NMR spectrometers, 
radioactivity monitors, and IR spectrophotometers. 

A continuous -flow of a buffer (usually a 
volatile buffer such as ammonium acetate at physiological 
pH) is pumped through the ultrafiltration chamber and 
into an electrospray mass spectrometer detector (or other 
suitable LC-MS or LC-MS-MS instrument) . 

In an embodiment, the metabolism of xenobiotic 
compounds such as drugs is investigated by flow-injecting 
an aliquot of the compound (or mixture of xenobiotic 
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compounds) through the first ultrafiltration chamber 
containing the trapped enzymes and then detecting the 
metabolites as they elute from the chamber using on-line 
electrospray mass spectrometry. Preferably, the 
solutions in the first chamber are stirred. Any 
necessary cof actors, such as NADPH (for cytochrome P-450 
oxidation) , UDPGA for glucuronyl transferase, or 
glutathione for glutathione transferase, are either 
included in the continuous phase or co- injected with the 
xenobiotic substrate. Electrospray mass spectrometric 
detection facilitates 1) the determination of whether 
metabolites of the xenobiotic compound (or compound 
mixture) are formed by a particular enzyme preparation, 
2) the determination of the molecular weight of each 
metabolite, and 3) quantitation of each metabolite and 
unchanged substrate. Measurement of the rate of 
disappearance of the substrate provides a measure of how 
extensively one compound is metabolized compared to 
another, which is an important consideration during drug 
development . Tandem mass spectrometry may be used to 
confirm structures of metabolites, and if isomers of 
metabolites are formed (such as mixtures of 
monooxygenated metabolites with identical molecular 
weights) , then an aliquot of the effluent from the 
ultrafiltration chamber may be analyzed using LC-MS-MS to 
separate each isomer and then obtain its tandem mass 
spectrum for identification. 

An advantage of this on-line (that is 
continuous and direct analysis of the solution flowing 
out of the ultrafiltration chamber) metabolism-mass 
spectrometric detection system is the ability to detect 
and identify metabolites just seconds after they are 
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formed. Because so little time elapses and no sample 
manipulation is necessary, some reactive (and potentially 
toxic) metabolites that might not be identified using 
previous methods might be observed directly before they 
decompose. As discussed in the background, the fastest 
existing methods known to the inventors for generating 
metabolites, extracting them from the biological material 
and then analyzing them, requires from 35-170 min. In 
contrast, using a 1 mL volume ultrafiltration chamber and 
a flow rate of 100 ph/min, metabolites may be detected 
on-line in less than 10 min. by use of the present 
invention. Using higher flow rates and/or smaller 
chambers, the time between metabolite formation and 
detection may be shortened even more to less than 1 min 
for a 100 /xh chamber. Alternatively, reactive 
metabolites may be trapped by reaction with nucleophiles 
such as N-acetyl cysteine or as phase II (reaction with 
conjugating enzymes such as glutathione-S- transferase, 
UDP-glucuronyl transferases, or sulfo transferases) 
conjugates such as glutathione adducts . The on-line 
pulsed ultrafiltration-mass spectrometric observation of 
reactive metabolites or glutathione adducts formed from 
reactive metabolites indicates that a particular 
substrate forms potentially toxic metabolites. In this 
manner, this assay system may be used for toxicity 
screening of drugs and other compounds. 

High throughput bioavailability measurements 
are carried out using, for example, live epithelial cells 
as the biological material in the ultrafiltration 
chamber. For example, absorption from the human 
intestine may be predicted using human intestinal 
epithelial (Caco-2) cells. Xenobiotic compounds (either 
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individually or as mixtures) are injected through the 
ultrafiltration chamber and their elution profiles are 
recorded using mass spectrometry detection. Compounds 
that are excluded from entering the cells elute from the 
chamber first, and compounds that easily diffuse into, or 
are actively transported into, the cells have a larger 
volume of distribution and elute later. Bioavailability 
correlates inversely with elution time, and the most 
bioavailable compounds are those that elute last. 
Because each pulsed ultrafiltration mass spectrometric 
determination of bioavailability requires approximately 1 
hr, and mixtures of compounds may be measured 
simultaneously, this approach is much faster than 
previous methods that may require approximately one day 
each to complete. Another advantage of this approach 
over standard Caco-2 assays is that no radiolabeled 
compounds are required. 

Ultrafiltration mass spectrometry may be used 
for the analysis of one compound or one mixture of 
compounds at a time per ultrafiltration chamber. 
However, higher throughput ultrafiltration mass 
spectrometric metabolic and toxicity screening may be 
carried out using multiple ultrafiltration chambers (e.g. 
up to 60 at a time) arranged in parallel with a single 
mass spectrometer. [FIG. 2] By connecting each 
ultrafiltration chamber on-line to the mass spectrometer 
for only 1 minute, efficient use of the mass 
spectrometric detector may be obtained with a throughput 
of up to 60 ultrafiltration experiments per hour. The 
compounds that may be screened include drugs, drug 
candidates, combinatorial libraries, natural products, 
pesticides, herbicides, other xenobiotic compounds and 



PCT/US99/11493 

WO 99/61910 

-15- 

endogenous biological compounds. On-line ultrafiltration 
electrospray mass spectrometry offers a streamlined, 
high- throughput method for in vitro formation and mass 
spectrometry characterization of drug metabolites. 

A scheme of pulsed ultraf iltration-mass 
spectrometry screening for metabolism and toxicity or 
bioavailability is shown in diagrammatic form in FIG. 1A. 
A compound (or mixture of compounds) 1 is flow- injected 2 
into an ultrafiltration chamber 3 containing, e.g. an 
enzyme, enzyme mixture or cells 7. Any necessary 
cofactors, such as NADPH. DDPGA, glutathione, etc., are 
injected along with the compound(s) 1 or added to the 
continuously flowing buffer solution. Cofactors and 
cellular nutrients that are essential for cell viability 
must be continuously introduced to the ultrafiltration 
chamber. However cofactors such as NADPH or UDPGA that 
are only needed for enzymatic activity may be co-injected 
with the- compound (s) 1 under study. Co- injection with 
the compound (s) 1 is the most economical approach. The 
enzymes which are too large to pass through the 
ultrafiltration membrane, may be in pure form or 
contained in microsomes, tissue homogenate, or living 
cells. Similarly, the living cells used for 
bioavailability measurements cannot pass through the 
ultrafiltration membrane. Metabolites formed in the 
ultrafiltration chamber are washed out by the buffer 
solution being pumped through the ultrafiltration 
membrane and are detected by the on-line electrospray 
mass spectrometer 4. Unchanged compound (s) 1 may be 
washed out into the detector and measured during 
bioavailability studies or quantitative metabolism 
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studies. For additional characterization of metabolite 
mixtures, part of the effluent from the chamber may be 
collected for LC-MS or LC-MS-MS analysis 5. As stated 
elsewhere herein, bioavailability measurements may be 

5 carried out by using living cells such as Caco-2 
intestinal epithelial cells in the ultrafiltration 
chamber. FIG. IB shows details of a stirred pulse 
ultrafiltration chamber. 

A diagrammatic representation for a high 

10 throughput pulsed ultraf iltration-mass spectrometry 

system to screen xenobiotic compounds for drug metabolism 
is shown in FIG. 2. Multiple ultrafiltration chambers 13 
are connected in parallel 12 to a single mass 
spectrometer detector 15. After loading each chamber 

15 with drug metabolizing enzymes or cells 1 a different 
xenobiotic compound or mixture is injected into each 
chamber at intervals of e.g. 1 min. (for 60 screens per 
hour using 60 chambers) or 3 min. (for 20 screens per 
hour using 20 chambers) . Constant flow of incubation 

20 buffer is maintained through all chambers by HPLC pumps 
10, but only one chamber at a time is connected 16 to the 
mass spectrometer 15. Metabolite profiles are obtained 
by recording mass spectra over a period of up to, e.g. 1 
min. (if screening 60 samples per hour, or up to three 

25 minutes (20 samples per hour) when the maximum 

concentration of metabolites is eluting (approximately 
20-30 min after the xenobiotic compound is injected) . 
Waste 14 is discarded. 

Results of on-line pulsed ultrafiltration 

30 positive ion electrospray mass spectrometry analysis of 
chlorpromazine oxidation by rat liver microsomal 



PCT/US99/I1493 

WO 99/61910 

-17- 

cytochromes P450 is shown in FIG. 3. Chlorpromazine (3 
M g, molecular structure shown) was injected into an 
ultrafiltration chamber containing uninduced rat liver 
microsomes. NADPH was added to the mobile phase. This 
5 experiment demonstrates that drug metabolism by 

microsomal cytochromes P450 may be investigated directly 
using on-line ultrafiltration mass spectrometry without 
the need for sample extraction or chromatography. 
Quantitative analysis of the extent of drug metabolism 
10 may be carried out by measuring consumption of NADPH or 
sample, chlorpromazine. 

Results of pulsed ultrafiltration mass 
spectrometry analysis of the O-dealkylation of 
pentoxyresorufin by uninduced rat liver microsomes is 
15 shown in FIG. 4. In this experiment, the cof actor NADPH 
was coinjected along with the sample pentoxyresorufin. 
The deprotonated molecules of pentoxyresorufin and the 
metabolite, resoruf in (molecular structure shown) , were 
monitored on-line using negative ion electrospray . The 
20 control experiment was identical except that no NADPH was 
present. This experiment demonstrates that cof actors 
such as NADPH may be co- injected with the sample instead 
of being added continuously in the mobile phase. 

High throughput pulsed ultrafiltration mass 
25 spectrometry screening as shown in FIG. 5 was obtained 
using the 20 analyses per hour format disclosed for FIG. 
2. The ultrafiltration chamber contained rat liver 
microsomes. Imipramine and NADPH were coinjected through 
the chamber, and on-line mass spectrometry detection was 
30 used for only 2 minutes. Metabolism of imipramine by rat 
liver microsomes was demonstrated by the appearance of 
monoxygenated imipramine at m/z 297. Mass spectrometric 
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analysis for 2 minutes of effluent from the parallel 
control incubation (containing NADPH and inactive 
microsomes) showed no metabolites of imipramine . 

Computer-reconstructed mass chromatograms of 
the positive ion electrospray reversed phase LC-MS 
analyses of the major imipramine metabolites, which were 
formed by 1) incubation of imipramine with rat liver 
cytochromes P450 during pulsed ultrafiltration, 2) 
collection of the effluent containing the metabolites, 
and 3) reinjection onto the LC-MS are shown in FIG. 6. 
Tandem mass spectra of each of the isomeric peaks of m/z 
297 are summarized in Table 1. 

Results of screening for formation of 
glutathione adducts as indicators of toxic 
(electrophilic) metabolites using pulsed ultraf iltration- 
mass spectrometry are shown in FIG. 7. In this 
embodiment, the chamber was loaded with rat liver 
microsomes (1 mg/mL protein) containing cytochromes P450 
and microsomal glutathione S-transf erase . The substrate, 
butyldimethyl phenol was injected along with NADPH and 
glutathione as cof actors. The formation of metabolites 
was monitored by using negative ion electrospray mass 
spectrometry. Oxidation of butyldimethyl phenol by 
cytochromes P450 produced a reactive quinone methide 
intermediate which either reacted with water to form the 
oxidation product detected at m/z 193, or reacted with 
glutathione to form the adduct detected at m/z 482. As 
expected, glutathione adducts were observed only in 
embodiments containing both glutathione and NADPH. 

A schematic diagram of the pulsed 
ultrafiltration-mass spectrometry system is shown in 
FIGS. 1A and B. The ultrafiltration chamber is built out 
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of a solvent resistant polymer with low protein and drug 
binding properties for example, the polymer 
polyetheretherketone (PEEK) and contains a Teflon-coated 
magnetic stirring bar and a Teflon or Viton O-ring, which 
forms a seal around the ultrafiltration membrane. The 
surface area of the ultrafiltration membrane should be as 
large as possible to reduce back pressure that might 
rupture the ultrafiltration membrane and to allow for 
high flow rates through the chamber (up to 100 M Wmin) . 
Flow rates may be a low as desired for enzyme reaction or 
cell permeation (i.e., 1 ^M±n) to take place, or up to 
a maximum value of 100 M L/min for 10,000 molecular weight 
cutoff (MWCO) membranes or even 1 mL/min for membranes 
with pore size ,100,000 MWCO. Also, the ultrafiltration 
chamber should have a small volume compared to the large 
surface area of the ultrafiltration membrane. Therefore, 
the ultrafiltration chamber is shallow but wide, and the 
ultrafiltration membrane covers the exit side of the wide 
face of the chamber. (FIG. IB). Volumes of, e.g. (<1 mL) 
minimize the amount of enzymes and substrates required 
per experiment, thereby reducing costs, which is 
particularly useful when enzymes and substrates are 
difficult to obtain in larger quantities. A prototype 
chamber (PIG. IB) had an internal volume of about 1 mL, 
and the surface area of the ultrafiltration membrane 
(which covered the exit side (FIG. IB) of the chamber) 
was about 380 mm 2 . The ultrafiltration chamber is 
preferably stirred to rapidly mix substrates and enzymes 
and to prevent build up of enzymes (or microsomes or 
cells 9) on the underside of the ultrafiltration 
membrane. A commercially available methylcellulose 
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ultrafiltration membrane is suitable (i.e., Amicon; 
Beverly, MA) , and the molecular weight cut-off of the 
membrane must be small enough to prevent the metabolizing 
enzymes from leaving the first chamber, but large enough 
to allow the xenobiotic compounds under study and their 
metabolites to pass through to form a second solution. 
For example, the enzyme adenosine deaminase may be 
trapped in the first chamber using an ultrafiltration 
membrane with a molecular weight cut-off of 10,000, liver 
microsomes may be trapped in the first chamber using an 
ultrafiltration membrane with a molecular weight cut-off 
of 100,000, and cells may be trapped in the first chamber 
using an ultrafiltration membrane with a MWCO of 10,000 
or 1 million. Standard chromatography tubing and 
fittings made from polyetheretherketone (PEEK) are 
suitable to connect the HPLC pump, injector, 
ultrafiltration chamber, and mass spectrometer. 

After the chamber is fitted with an 
ultrafiltration membrane of the appropriate molecular 
weight cut-off, biological material is loaded into the 
chamber using an HPLC injector. Suitable material 
includes cells, enzymes, microsomes or other material. 
The biological material may consist of enzymes, cells, 
microsomes, tissue homogenate, tissue slices, RNA, DNA or 
other macromolecules . A constant flow of buffer (i.e., 
50-100 /iL/min) at the appropriate pH for enzymatic 
activity (usually pH 7.4) is maintained through the 
chamber. For on-line mass spectrometric detection, the 
buffer should be volatile (i.e., ammonium acetate buffer) 
in order to minimize contamination of the mass 
spectrometer ion source. However, non-volatile buffers 
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may be used if a desalting column is used between the 
ultrafiltration chamber and the mass spectrometer, or if 
a salt-resistant LC-MS interface is used such as the 
Z-spray™ interface (Micromass, Manchester, UK) . Next, a 

5 xenobiotic compound (or mixture of compounds) is flow- 
injected into an ultrafiltration chamber using the HPLC 
injector. Cof actors, such as NADPH for cytochrome P450 
oxidation, UDPGA for glucuronidation by UDP- 
glucurony 1 trans f erases, or glutathione for glutathione- S- 

10 transferases, are injected along with the compound (s) 
under study or added to the continuously flowing buffer 
solution. Combinations of enzymes and cof actors may be 
used simultaneously in the ultrafiltration chamber to 
investigate complex metabolism pathways or to investigate 

15 bioavailability. For example, phase I oxidation by 

cytochromes P450 is often followed immediately in vivo by 
conjugation by phase II enzymes such as 

glucuronyltransf erases or glutathione-S-transf erases . In 
order to mimic such an in vivo system, both phase I and 
20 phase II enzyme systems may be included in an on-line 
pulsed ultrafiltration-mass spectrometry assay. As an 
alternative to purified enzymes, microsomes containing 
complex mixtures of enzymes such as liver microsomes may 
be used in the chamber. Living cells may be used in the 

25 chamber as well for studies of metabolism or 
bioavailability . 

As metabolites are formed in the 
ultrafiltration chamber, they are separated from the 
enzymes and washed out of the chamber by the continuously 

30 flowing buffer solution. Metabolites may be detected, 
identified and quantified on-line using a mass 
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spectrometer equipped with an appropriate LC-MS interface 
such as electrospray or atmospheric pressure chemical 
ionization. Identification and quantification of 
metabolites using LC-MS is routine in the art of mass 
spectrometry. For additional characterization of 
metabolite mixtures, part of the effluent from the 
chamber may be collected for LC-MS or LC-MS-MS analysis. 
The addition of a chromatography step is necessary for 
the analysis of isomeric metabolites (i.e., metabolites 
with identical molecular weights) . An aliquot of the 
effluent may be directly injected onto an HPLC column for 
LC-MS-MS analysis, or a short HPLC column may be used to 
concentrate and desalt a larger volume of effluent prior 
to LC-MS or LC-MS-MS analysis. Since the compound(s) 1 
and their metabolites might be in low concentration in 
the second solution (i.e., the ultraff iltrate) and since 
the second solution will contain buffer salts, a 
trapping/desalting column may be used to concentrate the 
compound (s) 1 and their metabolites and at the same time 
remove the buffer. The desalted and concentrated extract 
may then be analyzed directly by mass spectrometry, LC- 
MS, or LC-MS-MS. (See Materials and Methods for more 
details.) Alternatively, the metabolites may be 
extracted from the effluent prior to analysis using LC-MS 
or LC-MS-MS. 

Living cells may be used in the ultrafiltration 
chamber either as a source of enzymes for metabolism and 
other enzymatic assays, or for on-line bioavailability 
measurements. Because of the large size of cells 
) compared to enzymes, much larger pore sizes may be used 
for the ultrafiltration membrane and molecular weight 
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cutoffs of 500,000 or 1,000,000 daltons work well with 
low back pressure. The ultrafiltration chamber is 
preferably stirred in order to maintain the cells in 
suspension, otherwise the cells will adhere to the 
5 ultrafiltration membrane. For some types of assays, it 
may be desirable to have a layer of cells on the 
membrane. In order to maintain cell viability for 
several hours, the buffer must be isotonic with the 
cells, but it does not need to be isotonic with respect 
10 to sodium and potassium nor must the buffer contain cell 
nutrients. For longer experiments and experiments 
requiring intracellular cof actors such as NADPH or NADH, 
the buffer must function as a complete cell growth medium 
and should contain appropriate amounts of sodium and 
15 potassium to support cell survival. When cell growth 
medium is used as the flow-through buffer during pulsed 
ultrafiltration, the effluent from the chamber may be 
directed through an IAPLC column to extract and 
concentrate the desired compounds and remove the buffer 
20 salts and cell nutrients. Then, the desired compounds 
may be eluted directly into analyzer such as a mass 
spectrometer for identification and quantification. 

Bioavailability assays are generally carried 
out in one of two ways. In one type of assay, the 
25 chamber is loaded with cells (i.e., Caco-2 human 

intestinal epithelial cells) such that the volume of the 
cells is significant compared to the volume of the 
chamber (e.g., 1 million cells /tnL) , and a size exclusion 
experiment is carried out. (Hidalgo, et al. 1989). An 
30 aliquot of a drug mixture is injected through the chamber 
and the elution profile is recorded by the mass 
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spectrometer detector. The mixture may contain a single 
drug or a mixture of drugs under investigation and two 
internal controls: The negative control compound (such 
as mannitol) is excluded from entering the cells; and the 
positive control compound (such as certain steroids) 
readily enters the cells. Compounds that are excluded 
from the cells are washed out of the ultrafiltration 
chamber faster and are detected first, while compounds 
that enter the cells are distributed into a larger volume 
within the chamber and require longer to elute. In this 
manner, quantitative bioavailability or absorption data 
may be determined. In another type of bioavailability 
assay, a monolayer of cells (i.e., Caco-2 cells) is grown 
on an ultrafiltration membrane, which is then mounted in 
the ultrafiltration chamber with the cells facing the 
interior of the chamber. Then, compounds are injected 
through the chamber at a very low flow rate that does not 
disturb the integrity of the cell membranes. Compounds 
that readily enter and pass through the cells are 

detected first. 

During the investigation of enzymatic reactions 
and metabolism, pulsed ultraf iltration-mass spectrometry 
facilitates 1) the determination of whether enzymatic 
products or metabolites of a xenobiotic compound (or 
compound mixture) are formed by a particular enzyme 
preparation, 2) the identification of the metabolites, 
and 3) quantitation of each product or metabolite and the 
amount of unchanged substrate. Measurement of the rate 
of disappearance of the substrate provides a measure of 
how extensively one compound is metabolized compared to 
another. Additional mass spectrometry analysis using 
pulsed ultrafiltration-tandern mass spectrometry or LC- 
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MS-MS may be used for confirmation of the structures of 
each enzymatic product or metabolite. If metabolites are 
formed as a result of conjugation with glutathione, this 
indicates that electrophilic and potentially toxic 
intermediates were formed during metabolism. In this 
way, pulsed ultraf iltration-mass spectrometry may be used 
as a method for screening for the formation of toxic drug 

metabolites. 

In order to increase the throughput of these 
pulsed ultraf iltration-mass spectrometric assays, 
mixtures of xenobiotic compounds may be injected 
simultaneously into the continuous stream flowing through 
the ultrafiltration chamber, and the metabolism or 
bioavailability of multiple compounds at a time may be 
investigated. For example, the throughput may be 
increased 10 -fold by injecting mixtures containing 10 
compounds at a time. The concentration of each compound 
must be kept low enough so that the enzyme (s) do not 
become saturated, or the cell receptors or other sites of 
entry into the cells do not become saturated. If 
saturation occurs, then the extent of metabolism will be 
reduced, the rates of metabolism of each compound will 
depend upon the ability of each substrate to compete for 
the enzyme active sites, or the rate of cellular uptake 
of each compound will depend upon the ability of each 
compound to compete for cell binding sites. Additional 
increases in throughput may be achieved by using multiple 
ultrafiltration chambers (up to for example, about 60 at 
a time), arranged in parallel with a single mass 
spectrometer. A schematic diagram of this high 
throughput pulsed ultraf iltration-mass spectrometry 
apparatus is shown in FIG. 2. By connecting each 
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ultrafiltration chamber on-line to the mass spectrometer 
for only about 1 minute, efficient use of the mass 
spectrometric detector may be obtained with a throughput 
of up to 60 ultrafiltration experiments per hour. On- 
line ultrafiltration electrospray mass spectrometry 
offers a streamlined, high- throughput method for in vitro 
formation and mass spectrometric characterization of 
metabolites of xenobiotic compounds. The system is 
easily automated for high throughput screening to rapidly 
determine 1) if a compound is a substrate for a drug 
metabolizing enzyme or enzyme system, 2) how rapidly and 
extensively a compound is metabolized relative to other 
substrates, 3) if reactive (electrophilic) and 
potentially toxic metabolites are formed, 4) what are the 
structures of each metabolite, and finally, 5) what is 
the relative bioavilability of each compound. 

EXAMPLES 

The following examples are offered by way of 
illustration. 

Example 1. Cytochrome P450 Metabolism and On-line 

Pulsed Ultrafiltration Mass Spectrometric 
Analysis of Chlorpromazine 

The on-line formation and detection of drug 
metabolites using pulsed ultrafiltration mass 
spectrometry is shown in FIG. 3 for the metabolism of the 
drug, chlorpromazine, by rat liver microsomal cytochrome 
P450 . Chlorpromazine is an antidepressant -drug that 
undergoes extensive hepatic metabolism. (De Vane, 1995) . 
The continuous mobile phase consisted of the volatile 
buffer, 50 ttiM ammonium acetate, pH 7.4, and cof actor, 
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NADPH (0.1 niM) at a flow rate of 70 pL/min . 
Chlorpromazine (3 «,) in 50 M L. buffer was injected into 
the stirred ultrafiltration chamber (1 mL internal 
volume), which was equipped with a 100,000 molecular 
5 weight cut-off ultrafiltration membrane and rat liver 
microsomes (containing a total of 1 mg protein) . 
Protonated molecules of chlorpromazine, the cof actor 
NADPH, and the microsomal metabolic products were 
recorded continuously using positive ion electrospray 
10 mass spectrometry on a Hewlett-Packard (Palo Alto, CA) 
5989B mass spectrometer. Electrospray mass spectrometry 
was used to identify all major metabolites, and the 
computer- reconstructed mass chromatograms of selected 
ions are shown in FIG. 3 to illustrate the appearance of 
15 the oxidized chlorpromazine metabolites, monitor the 
consumption of NADPH, and monitor the consumption of 
unreacted chlorpromazine. The area under the curve for 
unreacted chlorpromazine is proportional to the amount of 
chlorpromazine consumed during the on-line metabolism 
20 experiment. Also, the appearance of abundant 

metabolites, such as the oxidized chlorpromazine shown in 
FIG. 3, is evidence that chlorpromazine is extensively 
metabolized by hepatic cytochromes P450 and that this 
method may be used to identify metabolites or types of 
25 metabolites (such as oxidation products) and determine 
the extent of metabolism. 

Ejcam}le 2 Cytochrome P450 Metabolism and On-line 

P . pulsed ultrafiltration Mass Spectrometry 

30 Analysis of Pentoxyresoruf in. 

Pentoxyresorufin is a standard substrate used 
in the assay of cytochrome P450 2B-catalyzed O- 
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dealkylation activity (Burke et al . . 1985), and enzymatic 
O-dealkylation results in the loss of the pentoxy group 
to form resorufin. Pentoxyresoruf in (1 M9> «as injected 
into the ultrafiltration chamber containing hepatic 
5 microsomes as described herein. Negative ion 

electrospray mass spectrometry was used to monitor the 
appearance of resorufin, the 0-dealkylated product, at 
m/z 212. The mass chromatograms for the elution of the 
metabolite resorufin and unreacted pentoxyresoruf in are 
10 shown in FIG . 4. In this example, NADPH was injected 
simultaneously with substrate instead of being added to 
the mobile phase to produce a maximum concentration in 
the ultrafiltration chamber of 0.46 mM NADPH . This 
approach consumes less NADPH cofactor than the example 
15 shown in Example 1. If NADPH was not injected with the 
drug, no metabolism occurred as shown in the control 
profile of resorufin in FIG. 4. This example shows that 
other types of drug metabolites, such as dealkylation 
products, may be identified using this method. In this 
20 example and that of chlorpromazine in Example 1, liver 

microsomes were used from a rat that had not been treated 
with any compounds to induce cytochrome P450 activity. 
The on-line observation of metabolites formed using 
uninduced rat cytochromes P450 illustrates the great 
25 sensitivity of this method and indicates that uninduced 
human microsomes are a practical alternative. 

Example 3. High Throughput Metabolic Screening. 

In order to achieve high throughput metabolic 
30 screening using ultrafiltration mass spectrometry, a 
scheme was devised utilizing multiple ultrafiltration 
chambers arranged in parallel with a single HPLC 
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injector/ autosampler and one mass spectrometer detector 
(See FIG. 2) . High throughput is achieved by injecting 
each drug sample into a different ultrafiltration chamber 
in the parallel array and then recording mass spectra of 
5 the metabolite mixture eluting from each chamber at a 
fixed time post -injection. Constant flow of incubation 
buffer is maintained through all chambers, but only one 
chamber at a time is connected to the mass spectrometer. 
Mass spectra are recorded between 20-30 min. post- 
10 injection, which corresponds to elution of the maximum 
concentration of metabolites. If 60 chambers are used, 
up to 60 assay may be carried out per hr. Similarly, 20 
screens per hr. would be possible using 20 chambers. 
After recording mass spectra of an incubation mixture, 
15 the chamber is rapidly flushed out to waste and then 
reloaded with microsomes for another assay. 

Metabolism of imipramine, chlorpromazine, 
quinidine and naringenin was evaluated using the 20 
analyses per hour format described in FIG. 2, and control 
20 assays were carried out using heat inactivated 

microsomes. For example, imipramine and cof actor NADPH 
were injected simultaneously into a pulsed 
ultrafiltration chamber containing rat liver microsomes 
as described herein to give a maximum chamber 
25 concentration of 1-53 jig/mL (5.46 M M) imipramine and 0.46 
mM NADPH. Similar injections were carried out for other 
compounds, but the effluent from each ultrafiltration 
chamber was connected on-line to the electrospray mass 
spectrometer for only 3 min. each, so that 20 analyses 
30 per hour could be carried out. FIG. 5 shows the mass 

spectra for the assay of imipramine obtained during these 
high throughput metabolic screening experiments. 
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Formation of metabolites was determined by comparing a 
control incubation to an incubation with active 
microsomes. As expected, background ions, but no ions of 
metabolites were observed in the control experiments (See 
5 FIG. 5A). Metabolites of imipramine and chlorpromazine 
were observed (for example, see the ions of m/z 297 
corresponding to monooxygenated imipramine in FIG. 5B) , 
but no metabolites of naringenin or quinidine were 
detected. These assays indicate extensive metabolism by 
10 cytochromes P450 of imipramine and chlorpromazine, but 
not of naringenin and quinidine, and are consistent with 
the literature, which shows that chlorpromazine and 
imipramine are metabolized extensively, but naringenin 
and quinidine are not metabolized, and actually inhibit 
15 the action of certain cytochrome P450 isozymes (Gram, 

1974; Lemoine et al . , 1993; Brosen et al . , 1991; Chiba et 
al., 1998; Guengerich et al . , 1990; Sequeira and Strobel, 
1995; Muralidharan et al . , 1996). The high throughput 
analyses of the present invention may also be used 
20 quantitatively to assess the extent of metabolism by 
measuring the disappearance of drug during incubation 
compared to control incubations that use inactive 
microsomes or no NADPH cof actor. 

25- Example 4. Pulsed Ultraf iltration-Liquid 

Chromatography-Mass Spectrometry and 
Pulsed Ultrafiltration-Mass Spectrometry- 
Mass Spectrometry 

30 since metabolism of a drug can produce mixtures 

of isomeric products (i.e., 10 -hydroxy imipramine, 2- 
hydroxyimipramine, and imipramine N-oxide) , and since 
molecular weight determination cannot distinguish between 



PCI7US99/1M93 

WO 99/61910 

-31- 

isomeric metabolites, a chromatographic step must be 
combined with pulsed ultrafiltration and tandem mass 
spectrometry to uniquely identify each isomeric 
metabolite. To illustrate the application of pulsed 

5 ultrafiltration-LC-MS-MS, imipramine metabolites were 
generated using rat liver microsomes and pulsed 
ultrafiltration as described in Example 2, except that 
the effluent from the ultrafiltration chamber was 
reinjected onto a reversed phase HPLC column for LC-MS 

10 and LC-MS-MS analysis. The major metabolites of 
cytochrome P450 oxidation of imipramine were N- 
desmethylimipramine and the isomeric monooxygenated 
species 10 -hydroxy imipramine, 2 -hydroxy imipramine and 
imipramine N- oxide as shown in the LC-MS analysis of the 

15 ultrafiltrate in FIG. 6. Each metabolite shown in FIG. 6 
was identified based on its tandem mass spectrum 
(obtained during LC-MS-MS) as shown in Table 1. 

Example 5. Toxicity Screening Using Ultrafiltration 

20 Mass Spectrometry 

The pulsed ultrafiltration mass spectrometry 
system described in Examples 1 and 2 was used with rat 
liver microsomes and butyldimethyl phenol as the 

25 substrate. Coinjection with NADPH resulted in formation 
of a reactive metabolite, a quinone methide oxidation 
product of butyldimethyl phenol which may be detected 
after its reaction with water (FIG. 7) . An advantage of 
this on-line metabolism-mass spectrometric detection 

30 system is the ability to detect and identify metabolites 
just seconds after they are formed. Because so little 
time elapses and no sample manipulation is necessary, 
some reactive (and potentially toxic) metabolites that 



10 



15 
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might not be identified using any other method might be 
observed directly before they decompose. Alternatively, 
reactive metabolites may be trapped as phase II 
conjugates such as glutathione adducts. Coinjection of 
butyldimethyl phenol with NADPH and glutathione resulted 
in the formation of a quinone methide metabolite (a phase 
1 oxidation reaction) followed by formation of a 
glutathione adduct (a phase II conjugation reaction) of 
the electrophilic metabolite with the nucleophilic 
glutathione. The glutathione product was detected on- 
line using pulsed ultrafiltration electrospray mass 
spectrometry (FIG . 7) . The observation of glutathione 
adducts during pulsed ultrafiltration mass spectrometry 
indicates that reactive metabolites are formed by 
cytochrome P450 metabolism, and therefore, this assay 
system is appropriate for toxicity screening of drugs and 
other compounds . 



Example 6: Pulsed Ultraf iltration-Liquid 

20 Chromatography-Mass Spectrometry and 

Pulsed Ultraf iltration-Mass 
Spectrometry-Mass Spectrometry for 
Analysis of Glutathione Adducts. 

25 Glutathione adducts formed from reactive drugs or 

their activated metabolites in the ultraf iltrate may be 
trapped and concentrated on a trapping column and then 
analyzed using LC-MS or LC-MS-MS for identification of 
the metabolites and for the differentiation of isomeric 

30 products. This application is similar to Example 4, 
which describes the use of LC-MS and LC-MS-MS for the 
identification of isomeric metabolites of imipramine. In 
this case, the metabolism of 3-methylindole was 
investigated using pulsed ultrafiltration mass 
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spectrotnetry as an example of formation and detection of 
adducts of a toxic, electrophilic imine methide 
intermediate (see Skiles et al. 1996 for additional 
information about the metabolism of 3 -methyl indole ) . 
Because several metabolites were formed, the eluate from 
the ultrafiltration chamber was trapped on a short HPLC 
column, concentrated and then eluted and analyzed using 
LC-MS-MS. Constant neutral loss MS-MS was used to 
selectively detect glutathione adducts by scanning for 
) ions that fragment to eliminate a group weighing 129 D, 
which is characteristic of glutathione adducts 
(Ramanathan et al.. 1998). Protonated molecules of m/z 
437 corresponding to 3-methylindole-glutathione adducts 
were observed eluting at 16.0, 21.7 and 22.5 min. (see 
5 FIG. 8A) . An unexpected adduct of m/z 452 was observed 
eluting at 15.6 min, which corresponded to both 
mono-oxygenation as well as glutathione attachment 
(FIG. 8B). This peak probably corresponds to addition of 
glutathione to 3 -methyl indole epoxide instead of an imine 
20 methide intermediate and is consistent with the recent 
observations of Skordos et al . (1998). Therefore, the 
application of constant neutral loss scanning for the 
presence of glutathione adducts was found to be useful 
for the detection of unexpected reactive and potentially 
25 toxic metabolites. 

Example 7: High Throughput Toxicity Screening. 

Pulsed ultrafiltration mass spectrometric screening 
30 may be used on-line for high throughput detection of 
glutathione adducts for rapid toxicity screening of 
compounds or compound mixtures. The effluent from the 
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ultraf iltration chamber needs to be monitored only long 
enough to obtain a tandem mass spectrum that would 
indicate the presence of glutathione adducts, if any were 
formed. In the example shown in FIG. 9, constant neutral 
5 loss mass spectrometry on a triple quadrupole mass 

spectrometer was used for 1 min. to detect the presence 
of a glutathione conjugate of butyldimethyl phenol. The 
metabolic activation of butyldimethyl phenol and reaction 
with glutathione are described in Example 5. If 60 
10 ultrafiltration chambers were arranged in parallel as 

shown in FIG. 2, then 60 toxicity screening assays could 
be carried out per hour, since each chamber would be 
connected to the mass spectrometer for only one minute 
each. After each 1 min screening assay, the contents of a 
15 chamber would be washed out and then reloaded for a new 
screening assay 60 minutes later. This is an example of 
the use of ultrafiltration mass spectrometry for high 
throughput toxicity screening. 

20 Example 8: Rapid Intestinal Transport Assay. 

An equimolar mixture of aspirin and propranolol were 
injected into a 1 mL ultrafiltration chamber containing 
approximately 5 million Caco-2 cells. The maximum 

25 concentration of each drug in the chamber was 118 /iM . 
Isotonic phosphate buffered saline solution was pumped 
through the chamber at 50 /iL/min into an absorbance 
detector selectively monitoring the elution of aspirin at 
250 nm and propranolol at 290 nm. The elution profiles 

30 for both aspirin and propranolol are shown in FIG. 10. 

Following injection and mixing in the chamber, the rates 
of efflux of aspirin and propranolol from the 
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ultrafiltration chamber containing the Caco-2 cells were 
measured and plotted on a graph of In [drug] vs. elution 
time (FIG. 11). The graphs in FIG. 11 show straight 
lines, and the ratio of the slopes of these lines 

5 represents the relative elution rates for aspirin and 

propranolol, aspirin/propranolol =1.6:1. (Note that the 
part of each curve selected for analysis corresponds to 
the elution profile beginning after mixing in the chamber 
has taken place, and therefore, represents the sum of 

10 efflux from the chamber and from the Caco-2 cells.) As 
expected, aspirin eluted from the chamber much faster 
than propranolol because it did not enter the Caco-2 
cells as extensively as did propranolol . The elution of 
propranolol was delayed because it entered the Caco-2 

15 cells and had a larger volume of distribution within the 
ultrafiltration chamber than did aspirin. After the 
experiment, the Caco-2 cells were removed from the 
chamber, stained with trypan blue and examined 
microscopically for integrity. The cells were found to 

20 be 95% intact. 

This example illustrates that the application of 
pulsed ultrafiltration to the measurement of intestinal 
absorption and transport as part of determining 
bioavailability is based on sound chromatographic and 

25 biochemical principles. These data provide assurance that 
pulsed ultrafiltration may be applied to the rapid 
measurement of Caco-2 cell permeability by 
investigational new drugs and other xenobiotic compounds. 
Although the data shown in FIG. 10 and FIG. 11 were 

30 obtained using an absorbance detector, the relative 
uptake of multiple compounds by Caco-2 cells may be 
measured simultaneously without the need to rely on 
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different absorbance maxima. Instead, mass spectrometry 
may be used for the simultaneous detection of multiple 
compounds if a volatile buffer is used instead of 
phosphate buffered saline. 
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Table 1. Tandem Mass Spectra of Cytochrome P450 
Metabolites of Imipramine Obtained Using Positive Ion 



Electrospray Ionization and Collision 
Dissociation 



Induced 




15 



20 



25 



Metabolite 
(Retention Time, min) 


[M+H]+ 


a' 


b 


c 


d 


other 


Imipramine 
(49.7) 


281 


■ 86(100) 


58 (23.0) 


236(2.1) 


208 (3.0) 




Desmethylipramine 
(49.5) 


267 


72(100) 




236 (2.6) 


208 
(113) 


193(1.0) 


2-Hydroxyimipramine 
(33.4) 


297 


86(100) 


58(6.1) 


252(1.7) 


224 (8.7) 


209 (0.9) 


10- 

Hydroxyunipramine 
(31.3) 


297 


86(100) 


58 (7.6) 


[252- 

H 2 0] + 
234 (2.6) 


[224- 

H a or 

206 (9.5) 


[MH- 

H,or 

279 (3.8) 


Imipramine N-oxide 
(50.1) 


297 


102 
(100) 




236(1.8) 


208 (3.7) 


72(3.1) 
84 (3.9) 
86(0.7) 
195 (2.7) 
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MATERIALS AND METHODS 

i ^t-ir mi ^r^-m^l incubations. Microsomes 
may be prepared from any types of cells or tissues, which 
are obtained from any species including humans. For the 
examples cited, male or female Sprague-Dawley rats (180- 
200 g) were obtained from Sasco Inc. (Omaha, NE) . 
Microsomes were prepared from rat liver, and protein and 
cytochrome P450 concentrations were determined using 
standard procedures (1) . The microsomes were diluted 
(typically three-fold) with 50 mM ammonium acetate buffer 
at pH 7.4 immediately before use to make the protein 
concentration approximately 10 mg/mL. An aliquot of 
approximately 100 fih of the diluted microsomes was 
injected into the magnetically stirred ultrafiltration 
chamber, which had a volume of approximately 1 mL, so 
that the final concentration of microsomal protein was 
1.0 mg/mL. Before being connected to the mass 
spectrometer, the microsomes were washed for 30 min at 70 
M L/min with 50 mM ammonium acetate buffer at pH 7.4 to 
remove low molecular weight contaminants. This washing 
step may be accelerated by using a higher flow rate, but 
care should be taken to avoid excessive pressure and 
rupture of the ultrafiltration membrane. 

The ultrafiltration chamber (FIG. IB) was built 
in-house out of polyetheretherketone (PEEK) and contained 
a Teflon® -coated magnetic stirring bar and a Viton® 0- 
ring, which formed a seal around the ultrafiltration 
membrane. The methylcellulose ultrafiltration membrane 
was purchased from Amicon (Beverly, MA) and had a 
molecular weight cut-off of 100,000. Ultrafiltration 
membranes with smaller pore sizes (i.e., 10,000 molecular 
weight cut-off) were investigated but could not be used 
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without clogging. Chromatography tubing and fittings 
were made from polyetheretherketone (PEEK, Upchurch 
Scientific, Oak Harbor, WA) . 

NADPH and drug substrates were purchased from 
Sigma Chemical Company (St. Louis, MO). All solvents 
were HPLC grade. Into a mobile phase consisting of 50 mM 
ammonium acetate, P H 7.4, and 0.1 mM NADPH at a flow rate 
of 70 /xL/min, chlorpromazine (3 jtg) in 50 ill buffer was 
injected into the ultrafiltration chamber. Protonated 
molecules of chlorpromazine, cof actor NADPH, and the 
microsomal metabolic products were recorded continuously 
using positive ion electrospray mass spectrometry. In 
another experiment, 1 us of pentoxyresoruf in was injected 
into the ultrafiltration chamber containing hepatic 
microsomes as described above. Negative ion electrospray 
mass spectrometry was used to monitor the appearance of 
resorufin, the O-dealkylated product, at m/z 212. In 
some experiments, NADPH was injected simultaneously with 
substrate instead of being added to the mobile phase. 
For example, imipramine, and cof actor NADPH were injected 
simultaneously to give a maximum chamber concentration of 
1.53 /xg/mL (5.46 jiM) imipramine and 0.46 mM NADPH. 

Typically, a wide mass range was scanned by the 
mass spectrometer in order to identify the major 
metabolites (if unknown) . Once the major metabolites are 
known or if only the compounds injected into the first 
chamber need to be analyzed, selected ion monitoring mass 
spectrometry is used to follow the appearance of 
metabolites, monitor the consumption of NADPH, and/or 
monitor the profile of unreacted compound (s) . Control 
experiments are typically carried without cofactor or 
with heat inactivated microsomes. 
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In order to investigate the potential for high 
throughput metabolic screening using pulsed 
ultrafiltration mass spectrometry, analyses of irtiipramine 
and pentoxyresorufln were carried out as described above, 
except that the ultrafiltration chamber was connected to 
the mass spectrometer for only 3 min per incubation 
during a period when a high concentration of metabolites 
and substrate elute (26-29 min after injection of the 
substrate) . The transfer line between the 
ultrafiltration chamber and the mass spectrometer was 
flushed for 1 min, then mass spectra were recorded for 2 
min . 

MPF E R pprtrn^trv . An Applied Biosystems 
(Foster City, CA) 140A dual syringe pump with a Rheodyne 
8125 injector was used for all analyses. Mass spectra 
were acquired using either a Micromass (Manchester, UK) 
Quattro II triple quadrupole mass spectrometer equipped 
with an electrospray ionization source, or a Hewlett- 
Packard (Palo Alto, CA) 5989B quadrupole mass 
spectrometer with an Analytica (Branford, CT) 
electrospray ion source. Both instruments were tuned to 
a peak width of 0.6 u over the entire mass range. During 
MS-MS, collision induced dissociation was carried out 
using a collision energy of 25 eV and argon collision gas 
pressure of 2.7 pbar . During single quadrupole scanning, 
the scan range was m/z 230-350 at 3 s/scan. 

Liquid chromatography-mass spectrometry (LC-MS) 
and liquid chromatography- tandem mass spectrometry (LC- 
MS-MS) were carried out using a Hypersil (Hewlett Packard 
Co., Wilmington, DE) BDS C lt column (2 x 250 mm) with the 
triple quadrupole mass spectrometer as detector. The 
solvent system consisted of a gradient from 75% water 
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( containing 0.5% acetic acid and adjusted to pH 3.5) to 
70% methanol in 50 min and then to 90% methanol over an 
additional 10 min at a flow rate of. 180 M^/min. The LC- 
MS analysis shown in FIG . 6 was carried out on an aliquot 
(l/20th of the total) of the ultraf iltrate from the 
ultrafiltration microsomal metabolism of imipramine. 
Table 1 shows a summary of tandem mass spectra of 
imipramine metabolites that were generated by cytochrome 
P450 metabolism during pulsed ultrafiltration. As 
summarized in Table 1, tandem mass spectrometric analysis 
of the various imipramine metabolites facilitated the 
determination of metabolite structures such as the 
localization of hydroxyl groups or site of demethylation. 
For example, only the 10-hydroxyimipramine metabolite 
eliminated water during collision induced dissociation, 
so that this metabolite was easily distinguished from 2- 
hydroxyimipramine or imipramine N- oxide. 
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WE CLAIM 

1. A method for determining whether a 
compound from a sample has predetermined characteristics, 

said method comprising: 
5 a . obtaining a biological material in a first 

solution or suspension; 

b. maintaining a continuous flow of a 
supportive solution through the first solution or 
suspension; 

10 c. adding the sample to the continuous flow 

of the supportive solution; 

d. providing suitable conditions for the 
interaction of the biological material in the first 
solution or suspension with the compound in the sample; 

15 e . washing the results of the interaction 

between the biological material in the first solution and 
the compound in the sample through an ultrafiltration 
membrane to form a second solution; and 

f. analyzing the second solution to determine 

20 whether the compound in the sample has the predetermined 

characteristics . 

2. The method of claim 1, wherein the 
biological material is selected from a group consisting 
of a protein, a peptide, an oligonucleotide, an 

25 oligosaccharide, a microsome, a cell, a tissue, an 
enzyme, a receptor, DNA and RNA. 

3 . The method of claim 1 , wherein the 
compound is selected from the group consisting of a 
natural product, a combinatorial library, a drug, a drug 

30 mixture, a xenobiotic compound, a mixture of xenobiotic 
compounds, an endogenous compound, and a mixture of 
endogenous compounds . 
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4. The method of claim 1, wherein the 
supportive solution is selected from a group consisting 
of a buffer, a nutrient medium, or a combination thereof, 
said supportive solution capable of maintaining the 
biological material in a state wherein the biological 
material can interact with a compound in the sample. 

5 . The method of claim 1 , wherein the 
continuous flow facilitates the interaction of the 
biological material with the sample in the first solution 
or suspension and facilitates the removal of compounds 
from the sample and their metabolites by washing them 
through the ultrafiltration chamber into the second 
solution. 

6. The method of claim 1, wherein the 
predetermined characteristics consist of functioning as a 
substrate for an enzyme, showing desirable rates of 
enzymatic catalysis, showing desirable rates of cell 
permeability or transport, showing enzymatic activation 
to reactive or toxic metabolites. 

7. The method of claim 1, wherein the sample 
is added to the continuous flow by means of injection. 

8. The method of claim 1, wherein the 
suitable conditions for interaction of the biological 
material in the first solution with the compound in the 
sample comprises mixing the sample with the biological 
material to achieve a homogeneous distribution of sample, 
temperature control to maintain function of the 
biological material, adequate concentration of sample and 
sufficient amount of biological material to facilitate 
analysis, sufficient time for interaction, control of 
atmospheric gases (oxygen and carbon dioxide) to maintain 
function of the biological material. 
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9 The method of claim 1 , wherein the 
ultrafiltration membrane has pore sizes that allow the 
sample molecules to pass through but not the biological 
material . 

10 The method of claim 1 , whereas the 
analyzing of the second solution is by mass spectrometry. 

11. A kit for analyzing compounds in a sample, 
said kit comprising in separate containers, an 
ultrafiltration membrane, a first solution containing a 
biological material, a buffer, a test solution, and a set 
of standard solutions with predetermined characteristics. 
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